Introduction
CD4 + T cells from HIV-infected patients tend to proliferate poorly following T cell receptor stimulation (1) (2) (3) (4) . The proliferation defect may preclude sufficient immune responsiveness to HIV or to other pathogens due to limited expansion of antigen-reactive cells. The association between T cell proliferation function and HIV immunity is suggested by correlations between CD4 + T cell proliferation responses to HIV antigens and control of viral replication (5) , as well as prolonged duration of cytotoxic T cell function (6) . It is important, therefore, to uncover mechanisms that underlie the CD4 + T cell proliferation defects in HIV disease.
Although the inability of patient cells to proliferate has been associated with decreased production of IL-2 (1, 7) and enhanced susceptibility to apoptosis (8, 9) , it is not clear how these phenomena are related nor are the molecular alterations that could account for the functional changes understood. The defects may be the consequence of very early stimulation events that fail to induce the appropriate signals needed for cellular activation. Following stimulation with recall antigen, subnormal expression of CD69, an early activation marker, has been described in cells from HIV-infected patients (10) . Poor expression of CD69 following stimulation with antigen might be reflective of insufficient activation signals or could result from a depletion of T cells that have the appropriate specificity for the recall antigen. In contrast to antigen-specific responses, mitogen responses do not rely on a specific antigen-reactive subpopulation of memory cells. Stimulation with mitogen has also been reported to result in partial defects of CD69 expression in cells from HIV-infected patients (10) (11) (12) , and this has been correlated with proliferation failure (11, 12) . This suggests that early signaling events may be defective in cells from HIV-infected subjects and, consequently, lead to proliferation failure. An alternative hypothesis is that cells from HIV-infected subjects can generate early response signals but fail to divide in subsequent steps of T cell activation. This is supported by studies demonstrating good IFN-γ responses to recall antigens by lymphocytes of HIV-infected patients in circumstances where proliferation responses are predicted to be poor (13) . Thus, the cells may receive signals that allow for cytokine secretion but not the signals required for division. Furthermore, it is possible that cells from HIV-infected patients may actually enter into the cell cycle but fail to complete division. We have described such a circumstance in cells from HIV-infected subjects that spontaneously enter S phase of the cell cycle upon culture, but instead of completing mitosis, these cells tend to undergo apoptosis (14) .
Testing these hypotheses has been difficult experimentally. Methods to characterize T cell proliferation defects in HIV disease have generally relied on stimulation with either recall antigen or mitogen. Both of these approaches have limitations. In the case of recall-antigen stimulation, interpretation of prolifer-Failure of CD4 + T cells to proliferate in response to antigenic stimulation is a characteristic of HIV infection. Analysis of the proliferation defect has been hampered by an inability to identify CD4 + cells with T cell receptor specificity for antigen. To focus only on cells that had been stimulated through the T cell receptor, CD4 + T cells were stimulated with an anti-Vβ3 Ab that activates approximately 3-5% of peripheral blood T cells. This approach revealed proliferation defects in cells from HIV-infected patients that were not appreciated using anti-CD3 Ab stimulation and provided the capacity to examine responses on a single cell basis. After anti-Vβ3 Ab stimulation, CD4 + Vβ3 + cells from HIV-infected patients demonstrated defects in expression of cell cycle-associated proteins, D-type cyclins, and cyclin A. However, the expression of early activation markers, CD69 and CD25, was not significantly impaired in cells from most patients. Thus, CD4 + T cell proliferation failure in HIV disease is characterized by dysregulated activation that precludes cell cycle progression. This proliferation defect was most apparent in patients with diminished CD4 + T cell numbers and higher plasma HIV RNA levels. CD4 + T cell proliferation failure may be a key determinant of immune impairment in HIV disease. ation responses is limited by the potential for precursor memory cell depletion in HIV-infected patients. Thus, it is difficult to discern between qualitative and quantitative changes in potential responder cell populations. Moreover, methods for definitive identification of cells with appropriate T cell receptors for MHC class II restricted peptide-specific responses are not widely available. For mitogen stimulation, responses may be influenced by the nonphysiological nature of the stimuli. This could occur as the result of activating all T cells, and sometimes non-T cells, in a given culture, making nonspecific and bystander effects quite prominent. The consequences of stimulating the majority of T cells in a given culture may in part explain observations that describe normal responses to mitogen but poor responses to antigen in cells from HIV-infected patients (1) .
We have established a stimulation protocol that permits identification of a specific precursor population on a single cell basis yet minimizes nonphysiological effects invoked by stimulating all T cells in a given cell culture. This is accomplished by stimulating a subpopulation of T cells via the Vβ3 T cell receptor chain. Roughly 3-5% of peripheral T cells are able to bind to anti-Vβ3 agonistic Ab, thereby making bystander and nonspecific activation less of a factor. Using anti-Vβ3 Ab stimulation, we observe that CD4 + T cells from HIV-infected subjects do not progress through the cell cycle despite showing early signs of activation. Proliferation assays. PBMCs or CD8-depleted PBMCs were labeled in Diluent C (Sigma Chemical Co., St. Louis, Missouri, USA) supplemented with PKH26 red fluorescent dye (Sigma Chemical Co.) for 5 minutes at room temperature. The PKH26-labeling process was then stopped by adding FBS. After labeling, cells were washed at least three times before resuspension in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 2 mM glutamine, and 100 U/ml of penicillin/streptomycin. Cells were plated at concentrations of 1 to 1.5 × 10 6 cells/ml in 24-well culture plates and either stimulated with anti-CD3 Ab (250 ng/ml; PharMingen San Diego, California, USA), anti-Vβ3 Ab (100 ng/ml; PharMingen), or tetanus toxoid (TT) (1 LFU/ml; Wyerst Ayerst, Marietta, Pennsylvania, USA). Cells were examined 4-8 days later by two-color flow cytometry for cell surface molecules and tracking dye levels. For some experiments, anti-human Vβ3PE Ab's (PharMingen) were used for stimulation of PBMCs.
Methods

Cells
For measuring bromodeoxyuridine (BrdU) incorporation into DNA, PBMCs were stimulated with anti-Vβ3PE Ab and pulsed for 18 hours with BrdU (10 µM; PharMingen).
Flow cytometry. For cell surface staining, 0.5 × 10 6 cells were incubated with Ab's at 4°C for 30 minutes followed by washing with staining buffer (PBS/BSA/azide). For two-color analyses to detect tracking dye and Vβ3 + cells, FITC-conjugated mouse IgM Ab (Beckman-Coulter Inc., Fullerton, California, USA) was incubated with cells, followed by a wash and a second incubation with anti-mouse FITC Ab (PharMingen). Control staining was performed with nonspecific IgM FITC (Coulter-Immunotech). Staining for CD4 + cells was performed with FITC-conjugated mouse anti-human CD4 Ab (PharMingen), and staining for CD25 was done with mouse anti-human CD25 FITC (PharMingen). Three-color surface stain-
Figure 1
Comparison of anti-CD3, anti-Vβ3, and TT responses in cells from HIV-infected patients and a healthy control. PBMCs from two HIV-infected patients and a healthy donor were labeled with PKH tracking dye and stimulated with either anti-CD3 Ab, anti-Vβ3 Ab, or TT. Other cells were left in medium alone. After 8 days, the cells were stained with Ab's specific for CD4, Vβ3, or CD25. Cells that stained positive for cell surface markers were selected by gating, and frequency distribution histograms were generated for PKH dye fluorescence. Movement from right to left on the above histograms is evidence for cell division. The stimulus is shown to the left of the histograms, and the cells that were gated on for analysis are shown to the right of the histograms.
ing was also done to assess CD25 and CD69 expression in CD4 + Vβ3 + cells. Cells were stained for CD4 with anti-CD4 peridinin chlorophyll protein-conjugated Ab (Becton Dickinson Biosciences, San Jose, California, USA), anti-CD69 FITC PharMingen) or anti-CD25 FITC (PharMingen), and anti-Vβ3PE. Nonspecific isotype-matched Ab's (PharMingen) were used as controls.
To assess cyclin expression, cells were preincubated in 500 µl FACS permeabilizing solution (Becton Dickinson Biosciences) for 5 minutes at room temperature and then 10 minutes on ice. Cells were washed with PBS and resuspended directly with mAb's that were directed against D-type cyclins (D1, D2, and D3), or cyclin A (PharMingen) or isotype controls (PharMingen). Anti-CD4 and anti-Vβ3PE Ab were also added for a 30-minute incubation at room temperature. For assessment of BrdU incorporation cells were first surface stained for CD4 and Vβ3 and then processed for intracellular BrdU staining as outlined in the BrdU flow kit instructions (PharMingen).
Results
Impaired proliferation responses of cells from HIV-infected patients revealed by anti-Vβ3 Ab stimulation.
In contrast to anti-CD3 Ab, which can potentially activate all T cells in a given culture, anti-Vβ3 Ab provides an activation stimulus that is specific for 3-5% of the total peripheral blood T cell population. Because of the limited proportion of T cells that can be activated, anti-Vβ3 Ab stimulation may induce fewer bystander activation effects and, consequently, may better resemble a physiological stimulus than anti-CD3 Ab stimulation. Therefore, we speculated that anti-Vβ3 Ab stimulation might provide a more useful approach for detecting CD4 + T cell dysfunction in HIV disease.
To address this possibility, comparisons were made between the magnitude of T cell proliferation responses in PBMCs from healthy donors and HIV-infected subjects following stimulation with anti-CD3 Ab, anti-Vβ3 Ab, or TT recall antigen. A fluorescent tracking dye that incorporates into the cell membrane and is evenly distributed between daughter cells following mitosis was used to assess cell division in specific T cell populations that were identified by two-color flow cytometry. A representative experiment involving cells from a healthy control and two HIV-infected subjects is shown in Figure 1 . Following activation with anti-CD3 Ab, CD4 + cells from patient 130 had an excellent response to stimulation that exceeded the control response, whereas CD4 + cells from patient 159 displayed a partial defect (Figure 1 ). In contrast, stimulation with anti-Vβ3 Ab resulted in marked proliferation defects in cells from both patients in the CD4 + and Vβ3 + cell populations. Likewise, CD25 + cells from both patients showed defects in proliferation following stimulation with TT ( Figure 1) . Proliferation of CD25 + cells was examined in TT-stimulated cultures because preliminary experiments showed that after stimulation with TT, proliferating cells were markedly enriched by gating on CD25 + cells in contrast to gating on CD4 + cells. These results suggest that stimulation with anti-Vβ3 Ab may provide a more sensitive method for detecting functional defects in CD4 + T cells from HIV-infected patients than stimulation with anti-CD3 Ab. A summary of the responses of additional patients and controls supports this suggestion (Figure 2) .
The proportion of stimulated T cells influences proliferation potential. There are several possible explanations for the more efficient responses of patient T cells to anti-CD3 Ab compared with anti-Vβ3 Ab. Qualitative differences in binding and activation by the Ab's do not appear to explain this difference, since the anti-Vβ3 Ab induced proliferation on a per cell basis more efficiently than the anti-CD3 Ab even in controls (Figure 1 ). In addition, both Ab's were used at concentrations that resulted in the complete blocking of the respective anti-Vβ3 or anti-CD3 Ab staining 1 day after culture (not shown). We therefore speculated that the primary difference between anti-CD3 stimulation and anti-Vβ3 stimulation was related to the absolute numbers of cells engaged by the respective Ab's. One prediction from this hypothesis is that anti-CD3 Ab stimulation might better reveal proliferation defects in cells from HIV-infected patients if the responder population is diluted with unstimulated cells.
To test this hypothesis, PBMCs or CD8-depleted PBMCs were labeled with tracking dye, stimulated with anti-CD3 Ab for 1 hour, and mixed with unstimulated and unlabeled PBMCs. The labeled cells constituted 5-10% of the final cell population. Cell division was examined by flow cytometry 4 days after stimulation. Stimulated cells from healthy donors proliferated equally well with or without dilution, whereas stimulated cells from HIV-infected patients showed a marked reduction in the ability to divide following dilution with unstimulated cells (Figure 3 ). These observations indicate that the proportion of T cells
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The activated in a given culture markedly influences the response of cells from HIV-infected subjects and that activation of fewer cells provides a better model for discerning proliferation defects.
Cell cycle progression of anti-Vβ3 Ab-stimulated cells is arrested before D-type cyclin expression.
Proliferation defects in CD4 + T cells from HIV-infected patients may be caused by an altered potential of these cells to progress through the cell cycle. To examine this possibility, the expression of D-type cyclins, which are expressed in G1 phase of the cell cycle, and cyclin A, which is expressed in S phase of the cell cycle, was assessed in anti-Vβ3-stimulated cells. Cyclin expression was examined in unstimulated and stimulated CD4 + Vβ3 + cells by flow cytometry 2 days after exposure to anti-Vβ3 Ab. Stimulated cells showed an enhancement of cyclin expression when compared with unstimulated cells. The specificity of the staining was verified by using isotype control Ab's and the enhancement of cyclin expression with stimulation could be inhibited by cyclosporine A (data not shown). Before 2 days after stimulation, very little enhancement in staining for cyclins could be observed (not shown). At day 2 we found typically that fewer than 10% of the stimulated Vβ3 + cells had divided, as determined by tracking dye analysis (data not shown). Thus, the expression of cell cycle markers (cyclins) at 2 days after stimulation predominantly reflects the first attempts at cell division. CD4 + Vβ3 + cells from HIV-infected patients demonstrated marked defects in activation-induced enhancement of cyclin expression (Figure 4a ). The reduced proportions of cells expressing these cell cycle progression markers on day 2 were associated with impaired cell division as measured on day 4 by tracking dye dilution (Figure 4b ). These findings suggest that patient cells fail to divide due to arrest in cell cycle progression that occurs before D-type cyclin expression.
The above experiment was performed with whole PBMCs, which are characterized by a disproportionate representation of CD8 + cells for blood samples from HIV-infected patients. This could be important, since a subpopulation of CD8 + cells also expresses the Vβ3 chain and could potentially respond to stimulation by using up growth factors while contributing little to replenishment. To determine if the defect in cell cycle progression in CD4 + cells was dependent on CD8 + cells, we depleted PBMCs of CD8 + cells and stimulated with anti-Vβ3 Ab. D-type cyclin expression was impaired for patient CD4 + cells 2 days after stimulation (Figure 5a ), and this was again associated with reduced proliferation responses (Figure 5b) . By examining forward-scatter characteristics of CD4 + Vβ3 + cells, we found that apoptosis of these cells was actually less in the patient cultures than in the control cultures on day 2 (data not shown), arguing against the possibility that cells from patients acquire cyclin expression but rapidly die. Thus, the defect in D-type cyclin expression by patient CD4 + cells was independent of CD8 + T cells and not associated with overt apoptotic death.
Although expression of D-type cyclins is typically associated with the G1 phase of the cell cycle and cyclin A is a marker of S phase, it is possible that expression of D-type cyclins and cyclin A could overlap to some extent as suggested by the proportions of cells staining positive for these markers in the control depicted in Figure 4a . Therefore, to verify that proliferation failure in patient cells was associated with cell cycle arrest before S-phase entry, incorporation of BrdU into synthesizing DNA was examined in CD4 + Vβ3 + cells 2 days after stimulation with anti-Vβ3 Ab in three healthy donors and five HIV-infected patients. In comparison with control samples, three of five patient samples demonstrated marked reductions in BrdU incorporation following stimulation with anti-Vβ3 Ab (Table 1) . By regression analysis, BrdU incorporation correlated with proliferation responses as measured by tracking dye dilution (r = 0.91). The proportional decrease in BrdU incorporation, like the decrease in expression of D-type cyclins and cyclin A, suggests that proliferation failure in patient cells occurs before S phase of the cell cycle.
Activation marker expression is enhanced by anti-Vβ3 Ab stimulation in cells from HIV-infected patients.
The reduced proportions of cyclin-expressing cells following stimulation of patient T cells with anti-Vβ3 Ab might be explained by a proportional failure in cellular activation or, alternatively, by events that could occur following initial cellular activation. To determine the potential for anti-Vβ3 Ab to activate patient T cells, the expression of the early activation markers CD69 and CD25 was determined after stimulation.
CD8-depleted PBMCs were stimulated with anti-Vβ3 Ab and assessed after an overnight culture for cell surface expression of CD69 and CD25 using flow cytometry. The expression of CD69 and CD25 was enhanced in cells from HIV-infected subjects following an overnight activation (Figure 6a ), but this did not correspond with the ability of the cells to divide subsequently (Figure 6b) . In contrast to proliferation responses that were reduced in patient cells, differences in CD69 and CD25 expression between patient and control cells did not reach statistical significance. Cells from a minority of patients appeared to have reduced activation marker expression; however, this did not correspond to a defect in proliferation (Table  2) . Thus, for cells from HIV-infected patients, CD69 and CD25 expression appear to be poor predictors of the proliferation response to anti-Vβ3 Ab stimulation, and it is unlikely that reduced expression of these markers reflects or causes proliferation defects in this model. It appears that cells from HIV-infected subjects can be activated by anti-Vβ3 Ab stimulation, but this activation may not always be sufficient to drive cells into the cell cycle.
High viral replication and low CD4 cell counts are correlated with proliferation defects. To evaluate the relationship between T cell function and clinical status, peripheral CD4 cell numbers and plasma HIV RNA levels were compared with the proportion of CD4 + Vβ3 + cells that could proliferate in response to stimulation with anti-Vβ3 Ab. Lower numbers of circulating CD4 + T cells were moderately correlated with decreased proliferation responses in cells from HIV-infected subjects (Figure 7a) . In addition, a moderate inverse correlation was noted between plasma viral load and proliferation of
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The Vβ3 + CD4 + cells (Figure 7b) . Thus, the proliferative potential of patient CD4 cells appears to be related to clinical status such that elevated CD4 cell numbers and limited viral replication are associated with better proliferation responses to anti-Vβ3 Ab stimulation.
Discussion
Anti-Vβ3 Ab stimulation of peripheral T cells may provide significant advantages over current approaches for examining T cell function in HIV disease. Traditional models used to assess CD4 + T cell function in HIV disease rely primarily on mitogen or recall antigen for T cell stimulation. Responses to recall antigen are preferable in that a physiological stimulus is used to induce activation of T cells, but interpretation is complicated by possible differences in effector cell precursor frequencies. This problem has been partially solved by the use of MHC tetramers that can identify antigen-specific precursor cells at low frequencies.
Tetramer technology has been used to assess CD8 + T cell activation in response to class I-restricted antigens (15) (16) (17) and is being adapted for MHC class II-restricted responses (17) (18) (19) . However, the latter has not yet become widely available. The use of anti-Vβ3 Ab stimulation provides a methodology that allows for evaluation of T cell activation on an identifiable responder population that can be assessed for responsiveness on a single cell basis. Moreover, the stimulation of a minority of T cells in a PBMC culture by anti-Vβ3 Ab minimizes the potential confounding factors associated with conventional mitogen stimulation. Thus, the advantages of stimulating T cells with anti-Vβ3 Ab makes this approach a reasonable and convenient method to examine CD4 + T cell function in HIV-infected patients. The technique of anti-Vβ3 Ab stimulation allowed for detection of patient cell proliferation defects that could not be observed using anti-CD3 Ab. The targeting of a subpopulation of T cells for activation provides an explanation for the increased sensitivity of anti-Vβ3 Ab stimulation over that of anti-CD3 Ab stimulation in the detection of proliferation failure in HIV disease. The loss of proliferation responses in patient cells that were stimulated with anti-CD3 Ab and subsequently diluted with unstimulated cells supports this suggestion. The latter observation also suggests that proliferation defects are not selective for Vβ3 + cells in HIV infection. This is further supported by studies showing that Vβ3 + cells are not selectively depleted in HIV infection (20, 21) .
The induced expression of CD69 and CD25 following stimulation of CD4 + T cells from HIV-infected patients with anti-Vβ3 Ab provides evidence that these cells are activated by T cell receptor ligation. Consistent with this observation, others have described normal levels of T cell receptor-induced calcium mobilization in T cells from HIV-infected patients following CD3 cross-linking (22) . Despite acquiring an activated phenotype, anti-Vβ3 Ab-stimulated cells from HIV-infected patients commonly demonstrate proliferation failure. Likewise, relatively intact IFN-γ cytokine responses to recall or HIV antigens have been seen in circumstances where proliferation defects are often observed (23) or expected (13) in patient T cells. Thus, T cell receptor stimulation of cells from HIV-infected patients may result in a defect that is selective for cell cycle progression.
Our data suggest that CD4 + T cells fail to divide following anti-Vβ3 stimulation because of arrest in cell cycle progression that occurs early in the G1 phase of the cell cycle. Decreased CD25 induction has been described as a defining event in the progression of T cells from the G0 into G1 phase of the cell cycle (24) , whereas expression of cyclins D2 and D3 is enhanced in G1 phase of the cell cycle (25) . D-type cyclin/kinase complexes mediate hyperphosphorylation of the retinoblastoma gene product (26) (27) (28) , thereby allowing for transition to S phase of the cell cycle. The normal expression of CD25 in stimulated CD4 + T cells from HIV-infected subjects suggests that cells enter into G1 phase, while the reduced D-type cyclin expression indicates a failure in subsequent cell cycle progression. Thus, events associated with cell cycle arrest in early G1 phase of the cell cycle may underlie CD4 cell proliferation failure in HIV infection. Nevertheless, it should be noted that these observations do not rule out the possibility that defects in other phases of the cell cycle could also occur in stimulated cells from HIV-infected patients.
The clinical status of HIV-infected patients may play a role in qualitative T cell defects. Decreased proliferation of CD4 + T cells from HIV-infected patients correlated directly with circulating CD4 cell counts and inversely with viral load. The mechanisms responsible for T cell proliferation defects have not been identified; however, we speculate that high levels of viral replication may expose cells to viral factors such as gp120 and tat that disrupt normal CD4 + T cell function (29) (30) (31) (32) (33) . Disruptive effects of viral proteins may be compounded by a lack of sufficient helper function imposed by reduced numbers of CD4 + T cells. Taken together, these factors may alter subsequent cellular responsiveness to signals delivered through the T cell receptor leading T cells into a state of unresponsiveness similar to T cell anergy.
Overall, our findings suggest that patient CD4 + cells fail to divide following stimulation as a consequence of events that occur before D-type cyclin expression in the G1 phase of the cell cycle. By using a relevant T cell activation model we can now begin to focus attention on early events that underlie CD4 + T cell dysfunction in HIV disease.
